Despite increasing concerns about the vulnerability of species' populations to climate change, there has been little overall synthesis of how individual population responses to variation in climate differ between taxa, with trophic level or geographically. To address this, we extracted data from 132 long-term (greater than or equal to 20 years) studies of population responses to temperature and precipitation covering 236 animal and plant species across terrestrial and freshwater habitats. Our results identify likely geographical differences in the effects of climate change on populations and communities in line with macroecological theory. Temperature tended to have a greater overall impact on populations than precipitation, although the effects of increased precipitation varied strongly with latitude, being most positive at low latitudes. Population responses to increased temperature were generally positive, but did not vary significantly with latitude. Studies reporting significant climatic trends through time tended to show more negative effects of temperature and more positive effects of precipitation upon populations than other studies, indicating climate change has already impacted many populations. Most studies of climate change impacts on biodiversity have focused on temperature and are from middle to high northern latitudes. Our results suggest their findings may be less applicable to low latitudes.
Background
Wild populations of many species are declining around the world [1, 2] , ultimately leading to increased rates of extinction [3] . Although habitat loss and degradation, direct exploitation and impacts of invasive alien species have accounted for the majority of these declines so far, climate change is anticipated to become an increasingly important driver of population declines and extinction risk during the course of this century [4] [5] [6] . Indeed, climate change has already caused shifts in species' distributions [7, 8] and altered ecological communities [9, 10] .
Although a range of species population declines have been attributed to climate change (e.g. [11] ), few climate-mediated extinctions have so far been reported [12] .
Gaining a full understanding of the processes by which climate change impacts populations is essential not just to develop improved assessment of risk [13] , but also to inform adaptive conservation management [14, 15] . Recent evidence has highlighted that climate change will directly drive population change and extinction primarily through altered species interactions [12, 16] . However, the precise climatic drivers underpinning such relationships remain unclear and may differ between leading and trailing range margins [17] . There is an urgent need for a robust assessment of the link between climate and species' population changes around the world, to advance significantly the understanding of the relationship between climate change and biodiversity responses. For example, the majority of studies of climate change impacts, whether of phenological (e.g. [7, 18] ), distributional (e.g. [7, 8, 19] ) or community (e.g. [9, 10] ) changes, have been in temperate latitudes and have focused on the effects of temperature. Is this focus on temperature appropriate, or are other climatic changes of equal or greater importance?
To address this issue, we examine global patterns in the response of species' populations to climate variables, as a precursor for understanding how populations, communities and ecosystem function may each be affected by climate change. Macroecological theory that species-richness patterns at high latitudes are limited by ambient energy and at low latitudes are limited by moisture availability [20, 21] , would lead us to predict that geographical variation occurs in the response of species' populations to climate variables, assuming that species-richness represents the summation of individual population responses. This has, to our knowledge, never been tested. In addition, we test whether population responses to climate variables differ between taxa, in order to test their generality, and by trophic level, to assess the extent to which changes in climate may have different impacts on different trophic levels, as a much predicted sign of potential ecosystem disruption in response to climate change [16, 22] . This is achieved through a systematic review of the literature documenting variation in demographic responses (specifically population trends, survival and birth rates) of terrestrial and freshwater vertebrates, invertebrates and plants to climatic variation, followed by meta-analysis of the extracted data.
Material and methods (a) Review
A literature search was conducted using ISI Web of Knowledge on 14 November 2011 for the purpose of identifying the full range of studies with potential to identify mechanisms of climate change impacts upon natural populations [16] . For this reason, the search used key words to identify studies relating demographic changes (Population*, Demograph*, Reproduct*, Decline*, Abundance, Breeding, Survival, Mortality, Fecundity, Density, Productivity) to potential climate change impacts (Climat*, Global warming, Sea-level rise, Elevated CO 2 , Elevated carbon dioxide, Global environmental change) that clearly related changes to specific environmental drivers (Temperature*, Fire*, Glaci*, Snow pack, O 2 , Oxygen, Flood*, Drought*, Ground-water levels, Precipitation, Thermal stratification, Sea-level rise, Cloud cover, Humidity, CO 2 or Carbon dioxide, UV, Ultra violet, Water current, Salinity, Nutrient, Erosi*, Wind, Rainfall, Storm, Hurricane, Cyclone, Typhoon). This generated 30 880 hits, which were filtered by title, abstract and content to produce a final list of studies that correlated annual variation in demographic metrics with temperature and precipitation variables, over a time-scale (minimum 20 years) sufficient to detect effects of climate variation above other processes affecting abundance (electronic supplementary material, table S1). Very few studies examined mechanisms other than temperature or precipitation, hence the focus on those two variables. Impacts on species within the marine environment were excluded. This final list comprised 132 studies from across the globe (figure 1), which covered 101 bird, 37 mammal, four amphibian, 13 fish, 49 invertebrate and 32 plant species. No studies on reptiles were found that matched our criteria.
(b) Analysis
Studies contained analyses of one or more time-series of a range of population metrics, from estimates of birth and survival rates to changes in abundance. They also covered taxa with widely varying life-histories. It was therefore not possible to produce a standardized metric of the magnitude of demographic responses to climatic variables. Instead, for each combination of time-series parameters and climatic variables, we separately estimated the overall impact of temperature and/or precipitation upon changes in species' populations, using a single metric (e) to describe a gradient from negative through equivocal to positive effects. This was calculated from the number of statistically significant positive tests (where a positive relationship is indicative of increased birth, survival or population growth rates with increases in the relevant Figure 1 . Location of studies of at least 20 years duration that related population time series to either temperature (black circles) or precipitation (white circles) variables, or to both (grey circles).
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In order to test our hypotheses, we separated relationships between demographic responses and climate into significantly positive ( p), significantly negative and non-significant (n) effects. Following [16] , these were used to calculate an effect score (e) amenable to empirical modelling using standard approaches:
Thus, in a study which included three tests of the effects of different aspects of a particular variable (e.g. from different time periods or impacting different demographic metrics) upon a single species, e ¼ 1 if all three effects were significantly positive, e ¼ 0 if all were significantly negative, e ¼ 0.5 if all were non-significant and e ¼ 0.66 if two effects were significantly positive and one was significantly negative. Values of e ¼ 0.5 therefore indicate that either no cases were significantly affected by that variable, or there was an equal balance of positive and negative correlations. Values from 0.5 to 1 show an increasing tendency towards a greater proportion of significantly positive effects, while values from 0.5 to 0 show an increasing tendency towards significant negative effects. This approach therefore converts the categorical scores of significant positive, significant negative or non-significant effects, into a proportion (e).
Taking a worked example, Jovani & Tella [23] consider the impacts of mean maximum temperature and total rainfall between 1 April and 15 May upon nestling survival and the proportion of successful nests of white stork Ciconia ciconia. When analysed in isolation, temperature has significant positive impacts upon both measures of breeding success ( p ¼ 2, n ¼ 0, t ¼ 2, e ¼ 1), but when analysed in combination with precipitation, these significant relationships were lost ( p ¼ 0, n ¼ 2, t ¼ 2, e ¼ 0.5), and replaced by two negative relationships with precipitation ( p ¼ 0, n ¼ 0, t ¼ 2, e ¼ 0). This was represented by three separate rows of data describing univariate relationships with temperature, and multivariate relationships with both temperature and precipitation.
Climate variables were classified into those that describe the effects of temperature and those relating to precipitation. Variables unrelated to this were not considered further, as there were insufficient cases for analysis. Our analysis was based upon whether statistically significant relationships were identified. However, the probability of a statistically significant relationship occurring may vary with a range of additional study-specific parameters describing the methodological approaches used. To account for this, we collected information about a number of such parameters that were available and comparable across studies: the duration of a study, the number of statistical tests performed, the type of test performed (univariate or multivariate) and the type of demographic variable considered (survival, reproductive success or abundance). To quantify the importance of these additional parameters we modelled the proportion of statistically significant tests (variable importance) as a function of these study-specific parameters, plus a two-level factor separating studies of temperature from precipitation. This was simplified using backwards deletion of non-significant ( p . 0.05) terms, and the remaining study-specific terms included in all subsequent models to check for any potential resulting bias.
Effect score (e) was modelled separately as either a function of taxonomic identity (bird, mammal, amphibian, fish, invertebrate, plant), or trophic level ( producer, primary consumer, secondary consumer or higher), to test for consistency in population responses between taxa and across food-webs. Latitudinal patterns in relationships with temperature or precipitation were investigated separately by regressing e against study latitude (degrees north or south from the equator). We also tested whether the patterns for temperature and precipitation differed from each other, using the interaction between latitude and climatic variable-type as a two-level factor in a model containing data for both variables. In order to check the consistency of these patterns between taxa, we repeated this analysis of latitudinal gradients separately for temperature and precipitation, but including the additional effect of the interaction between a categorical variable describing taxonomic identity (bird, mammal, amphibian, fish, invertebrate, plant) and latitude.
Studies varied in the extent to which they examined population responses to variation in temperature and precipitation in the context of climate change, or simply tracked responses to fluctuations in climatic variables with no long-term increase or decrease. As the mechanism linking climatic variation to population change may change in the context of climate change [16] , we additionally tested the effect of whether a climate variable exhibited a long-term trend or not, as a two-level factor, upon e, and whether any spatial patterns in the relationships between climatic variables and population responses were robust to the impacts of climate change. This was achieved by repeating the regression of e against latitude separately for temperature and precipitation, but including the interaction between latitude and a two-level factor separating climatic variables with a long-term trend from those with no significant trend. This was possible for a subset of 56 studies that reported trends in climatic variables, of which 40 included at least one climatic variable with a significant temporal trend, and 26 included at least one variable with no temporal trend.
All models of variation in e with respect to the predictor variables were examined within a generalized linear mixed modelling (GLMM) framework using a binomial error distribution and logit link function. The number of positive and non-significant cases (2p þ n) were modelled as a function of twice the number of tests (2t) to reflect the fact that each test was scored with a maximum of 2 if significantly positive (following equation (2.1)). Study identity was included as a random effect to account for the potential risk of pseudoreplication at the study level. We also considered the inclusion of additional taxonomic levels (species, genus, family, order and higher) as random effects, but for most analyses, either in isolation or combination, they did not account for any additional covariance. The exception was the inclusion of genus in the analysis of study-specific parameters, but, as this did not alter our final model and had only a small impact on the parameter estimates, it is not reported. We did not pursue an analysis that fully accounted for taxonomic non-independence using genetic relatedness further, as this analysis indicated it would not improve model performance and parameter estimation, and given the difficulties of resolving this across such divergent taxa [24] . To ensure model convergence, models were fitted using the Laplace method. Analyses were conducted in SAS v. 9.2.
Results
There was no significant effect of type of statistical test (F 1,1024 ¼ 1.38, p ¼ 0.24) or demographic variable (F 2,1025 ¼ 2.18, p ¼ 0.12) upon the probability of a study returning a significant effect of a climate variable. However, study duration ( return statistically significant effects of weather variables. These terms were retained in all subsequent models as additional study-specific parameters.
On average, effect scores (e) were more positive for increases in temperature than precipitation (F 1,1027 ¼ 4.10, p ¼ 0.043; mean temperature effect, b ¼ 0.17 + 0.079; precipitation, b ¼ 0.065 + 0.079). This was because precipitation variables were associated with a lower probability of being statistically significant than temperature variables, as shown by the negative term for precipitation in the previous model of probability of significance.
The mean effect (e) of temperature did not differ significantly between taxonomic groups (F 5,528 ¼ 2.06, p ¼ 0.069) or trophic level (F 2,528 ¼ 2.69, p ¼ 0.069), although only birds and plants, and producers and secondary consumers showed significant positive responses to temperature (figure 2). There was even less variation in the mean effect of precipitation (taxa, F 5,426 ¼ 0.69, p ¼ 0.63; trophic level, F 2,426 ¼ 1.17, p ¼ 0.31), and no taxa or trophic levels showed consistent significant effects of precipitation upon their populations.
The effects of variation in temperature and precipitation on e showed contrasting latitudinal patterns (climate variable Â latitude interaction; F 1,1025 ¼ 16.86, p , 0.0001). Increased precipitation had its largest and most positive impact upon demographic responses (greater population growth, survival and birth rates with more precipitation) at low latitudes, but tended towards a weak negative effect at high latitudes. This trend of precipitation effect with latitude was highly significant (b ¼ 20.018 + 0.0046, F 1,426 ¼ 15.65, p , 0.001; figure 3b ). By contrast, there was no significant effect of latitude upon the relationship between temperature and e (b ¼ 0.0084 + 0.0070, F 1,528 ¼ 1.45, p ¼ 0.23; figure 3a ). This pattern resulted from variation in the direction of population responses to precipitation with latitude (electronic supplementary material, figure S1), and was not caused by any latitudinal variation in the probability of a study returning a significant effect of precipitation ( Relationships between climate effect and latitude were largely consistent across taxa for precipitation (taxa Â latitude interaction; F 5,424 ¼ 1.37, p ¼ 0.24; electronic supplementary material, figure S2b) and temperature (taxa Â latitude interaction; F 5,526 ¼ 2.07, p ¼ 0.068; electronic supplementary material, figure S2a), although there was a significant negative relationship between temperature effect (e) and latitude for fishes, and a significant positive relationship for birds (electronic supplementary material, figure S2 ). The effect of latitude upon population responses to temperature and precipitation was unaffected by trophic level (F 2,525 ¼ 0.02, p ¼ 0.98 and F 2,423 ¼ 0.16, p ¼ 0.85, respectively).
Across the subset of studies which tested for potential trends in climatic variables, there were significant differences in the effect on populations (e) of both temperature (F 1,117 ¼ 5.85, p ¼ 0.017) and precipitation (F 1,95 ¼ 8.22, p ¼ 0.0051), between those that reported a significant trend in climate variable and those that reported no trend (figure 4). In cases where there was a trend in climate variables, there were fewer positive relationships with temperature, but more positive relationships with precipitation. This was owing to a doubling of the proportion of studies exhibiting a significant negative effect of temperature upon populations (23 out of 209 cases in studies reporting a temperature trend compared to 5 out of 102 cases with no temperature trend) and a reduction in the proportion reporting positive temperature effects (45 out of 209 cases in studies with a temperature trend compared to 33 out of 102 cases without). The pattern for precipitation was driven by a decline in the number of studies reporting negative impacts upon populations where a significant precipitation trend was reported (2 out of 34 cases) compared to studies with no precipitation trend (12 out of 102 cases), but an increase in the proportion of studies reporting positive impacts (19 out of 34 cases and 27 out of 102 cases, respectively). After accounting for these effects by including climatic trend as a two-level factor, rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151561 there was no difference in the relationships between e and latitude between variables exhibiting a significant long-term trend through time and those with no such trend, for either precipitation (
, as tested by the interaction between latitude and climatic trend. Thus, the latitudinal patterns described across all studies did not vary with respect to whether there was evidence of climatic change or not.
Discussion
We have identified strong spatial patterns in the response of species' populations to climate across the globe. Species' demographic responses at low latitudes (around less than 458) were positively related to precipitation, suggesting that in low latitude biomes, drought is the most commonly limiting factor of populations across a range of taxa (e.g. [25, 26] ). Conversely, at medium to high latitudes (around more than 508), there was no overall effect of precipitation upon populations, but owing to a generally positive effect of temperature upon many taxa, populations here were more likely to be cold-than water-limited. This suggests that warming in temperate latitudes may generally increase population abundance, leading to range expansion, as recently observed in a number of taxa (e.g. [27, 28] ). Crucially, this emphasizes strong geographical differences in the potential for effects of climate change on populations and communities. Many studies at medium and high latitudes have focused on the effects of warming upon species and communities (e.g. [9, 10] ), where poleward shifts in species' distributions are widely reported [7, 8, 29] . However, our results suggest that such a focus on the effects of temperature at lower latitudes (e.g. [30, 31] ) may underestimate the sensitivity of species, communities and systems to climate change by failing to consider potential effects of precipitation and drought. In such regions, we would expect species' distribution shifts to be less-strongly poleward than at higher latitudes, but driven more by changes in precipitation patterns. This probably accounts for the limited poleward shift in the climate niche of tropical and subtropical bird species [32] , notwithstanding recent observations of significant upwards elevation change [33] . Indeed, the evidence for a significant positive latitudinal gradient in the effect of temperature upon bird populations alone (electronic supplementary material, figure S2 ) supports this assertion. The converse relationship for fishes suggests that population responses to temperature may be more negative in freshwater, particularly at higher latitudes, potentially because water temperature is negatively confounded with other environmental parameters, such as oxygen saturation, also important for many fish species [34] .
Importantly, our results account for two apparent biases in the published literature. Firstly, it is clear that studies of longer duration were most likely to have produced statistically significant results. Although intuitive, the fact that this effect was apparent across analyses of time-series each of which was at least 20 years in duration is noteworthy, and emphasizes the value of long-term studies for detecting the ecological impacts of climate change. Secondly, we found that studies presenting only one or a small number of variables were more likely to be associated with significant relationships. This finding is suggestive of a bias in the published literature, where studies of a small number of climatic variables that fail to identify statistically significant relationships are less likely to be published. This means that the absolute values presented in this paper may be subject to bias, and potentially inflated towards extremes if non-significant results are under-reported. However, for this to have affected our conclusions, any publication bias would have to vary systematically with taxonomic group or geographical location, which seems unlikely.
Only 3% of species used in this analysis were classified as of conservation concern (threatened or near threatened) on the International Union for Conservation of Nature Red List (www.iucnredlist.org), suggesting that most of the species studied were relatively common and widespread, and hence more amenable to long-term research. Our results should therefore not be taken to mean that warming will be beneficial to all species. Many other studies indicate that species with narrow temperature and habitat niches, particularly those that are cold-associated, typically decline in response to warming [9, 10] . Instead, our results are consistent with increasing evidence that warming has resulted in an increase in widespread generalist species at the cost of such specialists [9, 35] .
The importance of water availability at low latitudes and greater relative importance of temperature at high latitudes is consistent with the processes previously identified as driving spatial variation in species richness around the world, and described by the energy-water hypothesis [20, 36] . Because of the importance of plant productivity in driving richness patterns in consumers, these same climatic influences have been detected in a range of other taxa [21, 37] . This was not simply because studies from low latitudes (less than 258 latitude) were restricted to desert environments (one of seven studies only), as savannah (four studies), coastal (one study) and rainforest (one study) habitats were also represented. To the best of our knowledge, our study is the first to suggest that the established macroecological pattern of the energywater hypothesis may be related to variation in the relationship between climate and changes in individual species' populations around the world, potentially indicating a close link between species population size, species distribution and species richness. If these ecological parameters are indeed determined by the same underlying process, we would expect climatic changes that lead to population increases to cause species' range expansions which, when replicated across multiple species, will then alter species-richness patterns. Matching this expectation, recent warming in the UK has led to increases in the abundance of common and widespread resident breeding birds [35] , which have expanded their distributions [38] , leading to an increase in species' richness [9] , while UK butterflies that have shown positive population increases have also tended to expand their distributions [39] .
The majority of studies reviewed did not report whether there had been changes in the temperature and precipitation variables examined during the study. Many of these studies may therefore be of population responses to fluctuations in these variables, rather than an examination of the long-term responses to climate change. However, within the subset of studies that did report trends in the climatic variables considered, we found significant effects of those trends upon the relationships between climatic variables and population parameters. In the context of such climate change, the effects of temperature were more negative, and those of precipitation more positive, suggesting that climate change may alter the pattern of population responses to climate variables, for example, through disrupting biotic relationships between species [16] . Importantly, our finding suggests that climate change has already impacted species' populations globally. However, the latitudinal gradients in species' responses to precipitation did not vary with this wider climate change context, suggesting that the patterns identified will continue to hold in an altered climate, even though the mechanisms linking populations to climate variables, and the absolute magnitude of population responses to those variables, may vary. In other words, water availability in the tropics and temperature more widely, are likely to continue to be the most important climatic drivers of population change, even in a changed climate.
Conclusion
The strong latitudinal gradients in population responses to precipitation, and generally positive effects of temperature upon plants and birds have important implications for assessing and predicting the impacts of climate change on global biodiversity. Our results emphasize that water availability is likely to limit populations at low latitudes and therefore the vulnerability of species in these regions to climate change is at least as likely to be related to changes in precipitation as to warming. Conservation management for climate change adaptation in these areas should therefore consider the management of water resources. Critically, given the greater uncertainty in future projections of precipitation and drought compared with temperature [40, 41] , estimated impacts on tropical species are likely to be less certain than those of species at higher latitudes, whose populations are more likely to be temperature-dependent. This is a particular problem given that the majority of all species, and also of currently threatened species, are concentrated in the tropics [42, 43] and are relatively poorly monitored [44] . Further, as the majority of studies of climate change impacts on biodiversity are from medium and high northern latitudes where temperature changes are likely to be the most important drivers of change, their findings may be less applicable to poorly studied tropical areas. This uncertainty in future exposure and sensitivity of tropical species is sobering given the urgent policy needs for robust assessments of climate change risk for species and communities.
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